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•Ternary  Pt/Rh/Sn02  catalysts  can  be  prepared  by  the  modified  Bonnemann  method. 
•Pt  and  Rh  components  were  metallic  and  Sn  component  was  oxidized  to  Sn02. 
•Each  Pt/Rh/Sn02/CB  catalyst  was  composed  of  Pt,  Rh  and/or  Sn02  nanoparticles. 
•EOR  activity  of  Pt-65/Rh-10/SnO2/CB  is  higher  than  that  of  Pt/Sn02/CB. 

•EOR  at  0.6  V  for  Pt/Rh/Sn02/CB  decayed  more  slowly  than  that  at  the  Pt/Sn02/CB. 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  3  March  2014 
Received  in  revised  form 
9  April  2014 
Accepted  11  April  2014 
Available  online  24  April  2014 


Keywords: 
Pt/Rh/Sn02/CB 
Ethanol  oxidation 
Electrocatalyst 
Nanoparticle 


Pt,  Rh  and  Sn02  nanoparticle-loaded  carbon  black  (Pt/Rh/Sn02/CB)  catalysts  with  different  contents  of  Pt 
and  Rh  were  prepared  by  the  modified  Bonnemann  method.  The  mean  size  and  size  distribution  of  Pt,  Rh 
and  Sn02  for  Pt-71/Rh-4/Sn02/CB  (Pt  :  Rh  :  Sn  =  71  at.%:  4  at.%:  25  at.%)  were  3.8  ±  0.7,  3.2  ±  0.7  and 
2.6  ±  0.5  nm,  respectively,  indicating  that  Pt,  Rh  and  Sn02  were  all  nanoparticles.  The  onset  potential  of 
ethanol  oxidation  current  for  the  Pt-65/Rh-10/SnO2/CB  and  Pt-56/Rh-19/Sn02/CB  electrodes  was  ca.  0.2  V 
vs.  RHE  which  was  ca.  0.2  V  less  positive  than  that  for  the  Pt/CB  electrode.  The  oxidation  current  at  0.6  V 
for  the  Pt/Rh/Sn02/CB  electrode  (ca.  2%  h-1)  decayed  more  slowly  than  that  at  the  Pt/Sn02/CB  electrode 
(ca.  5%  h-1),  indicating  that  the  former  was  superior  in  durability  to  the  latter.  The  main  product  of  EOR 
in  potentiostatic  electrolysis  at  0.6  V  for  the  Pt-71/Rh-4/Sn02/CB  electrode  was  acetic  acid. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  ethanol  fuel  cells  (DEFCs)  have  attracted  much  interest  as 
a  primary  power  source  for  portable  electronic  devices.  Ethanol  is  a 
nontoxic  fuel  that  can  be  easily  produced  in  large  quantity  by 
carbon-neutral  processes.  Ethanol  oxidation  reaction  (EOR)  at  the 
anode  ideally  produces  CO2  as  represented  by  the  following  equa¬ 
tion  [1-3]. 

C2H5OH  +  3H20  -►  2C02  +  12H+  +  12e~  (1) 

However,  this  reaction  is  hard  to  proceed  because  of  the  diffi¬ 
culty  in  breaking  the  C-C  bond  of  an  ethanol  molecule. 
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Consequently,  some  byproducts  such  as  acetic  acid  and  acetalde¬ 
hyde  are  mainly  produced.  Therefore,  the  development  of  electro¬ 
catalysts  which  can  break  the  C— C  bond  is  an  urgent  issue  [4-7]. 

So  far  there  have  been  many  reports  on  the  development  of 
binary  and  ternary  electrocatalysts  in  order  to  enhance  the  EOR 
activity  [4,8-20].  In  particular,  it  is  known  that  binary  PtSn  cata¬ 
lysts  have  high  EOR  activity  1-6  .  We  also  prepared  the  Pt/Sn02 
double  nanoparticles-loaded  carbon  black  (Pt/Sn02/CB)  by  using 
the  modified  Bonnemann  method,  and  found  it  exhibited  higher 
EOR  activity  than  the  Pt  nanoparticles-loaded  CB  [16,21].  In 
particular,  the  Pt/Sn02(3:l)/CB  (Pt  :  Sn  =  3  :  1  in  atomic  ratio) 
electrode  exhibited  the  highest  EOR  activity  per  real  surface  area  of 
Pt  [16,21].  However,  in  this  case  acetic  acid  was  the  main  product. 
So  the  addition  of  the  third  element  to  PtSn  must  be  required  to 
break  the  C— C  bond.  It  has  been  reported  that  the  addition  of  Rh  to 
the  Pt-Sn02 /C  or  PtSn/C  electrocatalysts  increased  the  CO2  selec¬ 
tivity  and/or  improved  the  EOR  activity  [4,22-24].  In  particular, 


E.  Higuchi  et  al.  /  Journal  of  Power  Sources  263  (2014)  280-287 


281 


Kowal  et  al.  reported  that  ternary  Pt-Rh-Sn02  catalyst  was  effec¬ 
tive  for  the  oxidation  of  ethanol  to  CO2  by  synergy  effect  between 
the  Pt,  Rh  and  Sn02  and  the  addition  of  Rh  to  Pt-Sn02  catalyst 
promote  a  direct  breaking  of  the  C-C  bond  using  density  functional 
theory  calculation  [4].  So  the  addition  of  a  third  element  like  Rh  into 
the  Pt/Sn02(3:l)/CB  catalyst  we  prepared  may  enable  a  complete 
EOR  to  CO2.  If  ternary  catalysts  of  Pt,  Rh  and  Sn02  are  prepared  by 
our  method,  they  may  realize  complete  EOR  to  CO2  with  main¬ 
taining  its  high  EOR  activity.  In  the  case  of  such  ternary  catalysts, 
understanding  of  the  role  of  each  constituent  is  needed  for 
obtaining  the  high  electrocatalytic  activity.  In  this  study,  in  order  to 
confirm  this  hypothesis  we  prepared  ternary  nanoparticle  catalysts 
which  consist  of  Pt,  Rh  and  Sn02  by  the  modified  Bonnemann 
method.  In  addition,  EOR  activity  and  durability  for  the  Pt/Rh/Sn02/ 
CB  catalysts  were  evaluated. 

2.  Experimental 

2.1.  Preparation  of  Pt/Rh/Sn02/CB  and  Pt/Sn02/CB  catalysts 

N(Oct)4BEt3H  (Oct:  -CgHiy,  Et:  -C2H5)  as  a  reducing  agent  was 
prepared  according  to  Ref.  [25].  To  prepare  a  Pt/Rh/Sn02 
((Pt  +  Rh):Sn  =  75  :  25  in  mol.  %)  catalyst,  a  solution  of  0.3  M 
N(Oct)4(BEt3H)  in  tetrahydrofuran  (THF,  13.6  mL,  Wako  Pure 
Chemical  Industries,  Ltd.)  was  added  dropwise  to  a  vigorously 
stirred  solution  containing  PtC^  (0.71  mmol,  Wako  Pure  Chemical), 
RhCl3-3H20  (0.04  mmol)  and  SnC\2  (0.25  mmol,  Wako  Pure 
Chemical)  at  50  °C  in  an  Ar  atmosphere,  and  then  the  mixture  was 
still  stirred  for  5  h,  resulting  in  a  black  colloidal  suspension.  To 
oxidize  any  excess  N(Oct)4(BEt3H),  acetone  (15  mL)  was  added  into 
the  suspension,  followed  by  stirring  for  30  min.  The  black  colloidal 
suspension  was  isolated  by  suction  filtration  in  air  and  dried  in 
vacuum  at  room  temperature  for  16  h,  yielding  a  black,  waxy  solid. 
Exposure  to  air  during  the  filtration  caused  the  oxidation  of  Sn. 

The  black  solid  was  redispersed  in  ethanol.  An  appropriate 
amount  of  Ketjen  Black  (Ketjenblack  International  Co.,  EC300J)  was 
added  in  the  dispersion  and  sonicated  for  1  h.  After  suction  filtra¬ 
tion,  a  residual  black  powder  was  collected  and  heat-treated  at 
250  °C  in  air  for  30  min  to  remove  N(Oct)4Cl.  The  resultant  powder 
was  called  Pt-71/Rh-4/Sn02/CB  in  which  the  contents  of  Pt,  Rh  and 
Sn02  were  71,  4  and  25  mol%,  respectively.  Total  content  of  Pt,  Rh 
and  Sn02  in  the  Pt/Rh/SnC^/CB  is  ca.  70  wt.  %. 

Pt-65/Rh-10/SnO2/CB  (Pt :  Rh  :  Sn  =  65  : 10  :  25  in  mol%)  and  Pt- 
56/Rh-19/Sn02/CB  (Pt  :  Rh  :  Sn  =  56  :  19  :  25  in  mol%)  powders 
were  also  prepared  by  the  same  procedure  although  the  amount  of 
PtCh  and  RhCb  was  changed  to  0.65  and  0.10  mmol  and  0.56  and 
0.19  mmol,  respectively. 

2.2.  Characterization  of  Pt/Rh/Sn02/CB  and  Pt/Sn02/CB  catalysts 

Thermogravimetric  (TG)  analysis  was  performed  in  air  using  a 
Thermo  Plus  TG8120  apparatus  (Rigaku)  by  heating  from  room 
temperature  to  500  °C  at  a  rate  of  1  K  min-1.  Microstructure  of  Pt- 
71  /Rh-4/Sn02/CB,  Pt-65/Rh-10/SnO2/CB  and  Pt-56/Rh-19/Sn02/CB 
was  examined  by  field-emission  transmission  electron  microscopy 
(FE-TEM,  HF-2000,  Hitachi).  FE-TEM  specimens  were  prepared  by 
casting  a  drop  of  an  ethanol  dispersion  of  each  catalyst  onto  a 
collodion-coated  Cu  grid  and  evaporating  ethanol.  Size  distribution 
of  Pt,  Rh  and  Sn02  nanoparticles  was  measured  for  500  Pt,  100  Rh 
and  100  Sn02  nanoparticles  randomly  chosen  from  high  resolution 
TEM  images.  Structural  analysis  for  Pt-71/Rh-4/Sn02/CB,  Pt-65/Rh- 
lO/SnCh/CB  and  Pt-56/Rh-19/Sn02/CB  catalysts  was  performed 
using  an  X-ray  diffractometer  (Shimadzu  XRD-6100,  50  kV,  30  mA) 
equipped  with  a  CuKa  source  (A  =  0.1541  nm).  Chemical  states  of  Pt, 
Rh  and  Sn  in  each  catalyst  were  characterized  by  X-ray 


photoelectron  spectroscopy  (XPS)  using  a  photoelectron  spec¬ 
trometer  (ESCA-3200,  Shimadzu).  The  X-ray  source  was  MgKa  with 
1253.6  eV  operating  at  8  kV  and  30  mA.  The  base  pressure  of  the 
system  was  5.0  x  10-6  Pa.  The  content  in  at.  %  of  Pt,  Rh  and  Sn  of  Pt- 
71  /Rh-4/Sn02/CB,  Pt-65/Rh-10/SnO2/CB  and  Pt-56/Rh-19/Sn02/CB 
catalysts  was  estimated  by  energy  dispersive  X-ray  analysis  (EDX, 
VE-9800,  KEYENCE). 

2.3.  Electrochemical  measurements 

The  Pt-71  /Rh-4/Sn02/CB,  Pt-65/Rh-10/SnO2/CB  and  Pt-56/Rh- 
19/Sn02/CB  catalysts  were  cast  on  a  glassy  carbon  (GC)  substrate  of 
(f>5  mm  according  to  the  previous  method  [16].  The  amount  of  Pt- 
71  /Rh-4/Sn02/CB,  Pt-65/Rh-10/SnO2/CB  and  Pt-56/Rh-19/Sn02/CB 
catalysts  in  their  suspensions  was  adjusted  to  wc b  =  5.5  pg  cm-2 
(wCb:  amount  of  CB  loaded  on  GC).  The  amount  of  Pt/Rh/Sn02 
loaded  on  the  GC  (wpt/Rh/sn02)  was  12.8  pg  cm-2.  A  0.05  wt.%  Nation 
solution  (Aldrich)  in  ethanol  (10  pL)  was  cast  on  the  dried  catalyst 
layer,  and  then  dried  in  air  at  120  °C  for  1  h,  resulting  in  a  catalyst 
electrode  coated  with  a  thin  Nation  film  of  0.1  pm.  A  glass  cell  was 
used  for  electrochemical  characterization  of  the  Pt-71  /Rh-4/Sn02/ 
CB,  Pt-65/Rh-10/SnO2/CB  and  Pt-56/Rh-19/Sn02/CB  electrodes.  A  Pt 
plate  and  a  reversible  hydrogen  electrode  (RHE)  were  used  as  the 
counter  and  reference  electrodes,  respectively.  EOR  activity  and 
durability  of  each  electrode  were  evaluated  at  30  °C  by  cyclic  vol¬ 
tammetry  and  potentiostatic  electrolysis,  respectively.  In  CO- 
stripping  voltammetry,  CO  was  adsorbed  on  each  electrode  by 
immersing  in  a  0.1  M  HCIO4  solution  saturated  with  CO  for  15  min 
at  a  constant  potential  of  0.05  V  vs.  RHE.  The  excess  CO  was  elim¬ 
inated  by  Ar  bubbling.  The  stripping  voltammogram  was  measured 
from  0.05  to  1.0  V  vs.  RHE  at  a  sweep  rate  of  50  mV  s-1. 

2.4.  Qualitative  and  quantitative  analyses  of  reaction  products  in 
potentiostatic  electrolyses 

Products  in  potentiostatic  electrolyses  with  the  Pt-71 /Rh-4/ 
Sn02/CB,  Pt-65/Rh-10/Sn02/CB  and  Pt-56/Rh-19/Sn02/CB  elec¬ 
trodes  were  qualitatively  and  quantitatively  analyzed  by  a  high 
performance  liquid  chromatograph  (HPLC,  Tosoh)  equipped  with 
an  UV  detector  (UV-8020)  for  acetic  acid  and  acetaldehyde  and  a 
gas  chromatograph  (GC,  Shimadzu  GC-14B)  for  CO2. 

3.  Results  and  discussion 

3.1  Structures  of  Pt-71 /Rh-4/Sn02/CB,  Pt-65/Rh-10/SnO2/CB  and  Pt- 
56/Rh-l9/Sn02/CB  catalysts 

The  bulk  contents  of  Pt,  Rh  and  Sn  in  Pt-71  /Rh-4/Sn02/CB,  Pt-65 / 
Rh-10/SnO2/CB  and  Pt-56/Rh-19/Sn02/CB  were  evaluated  by  EDX 
and  summarized  in  Table  1.  The  contents  of  Pt,  Rh  and  Sn  in  each 
catalyst  were  nearly  equal  to  those  in  the  mixed  Pt,  Rh  and  Sn 
precursor  solutions.  Thus  bulk  compositions  of  these  Pt/Rh/SnC^/ 
CB  catalysts  can  be  controlled  by  those  of  the  mixed  precursor 
solutions. 


Table  1 

Bulk  compositions  of  Pt/Rh/Sn02/CB  catalysts. 


Catalyst 

Pt :  Rh  :  Sn/at.  % 

Theoretical 

Experimental 

Pt-71 /Rh-4/Sn02/CB 

71  :  4  :  25 

72  :  4  :  24 

Pt-65/Rh-10/Sn02/CB 

65  :  10  :  25 

67  :  12  :  21 

Pt-56/Rh-19/Sn02/CB 

56  :  19  :  25 

59  :  19  :  22 
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Fig.  1.  TG-DTA  curves  of  as-prepared  Pt-71/Rh-4/Sn02/CB. 


Fig.  1  shows  TG-DTA  curves  for  as-prepared  Pt-71/Rh-4/Sn02/ 
CB  catalyst.  The  initial  weight  loss  below  100  °C  (ca.  3  wt.  %)  was 
assigned  to  evaporation  of  physisorbed  water  from  the  as- 
prepared  Pt-71/Rh-4/Sn02/CB  and  the  second  weight  loss 
observed  between  100  and  200  °C  is  due  to  oxidation  of  the  sta¬ 
bilizer  N(Oct)4Cl;  this  is  in  agreement  with  some  previous  reports 
[16,26].  The  oxidation  of  CB  started  at  about  250  °C.  Consequently, 
weight  losses  due  to  the  oxidation  of  N(Oct)4Cl  and  CB  were  ca. 
9  wt.  %  and  ca.  27  wt.  %,  respectively.  Therefore,  total  content  of  Pt, 
Rh  and  SnC^  loaded  in  Pt-71/Rh-4/Sn02/CB  catalysts  was  evalu¬ 
ated  to  be  ca.  69  wt.  %. 

Fig.  2  shows  FE-TEM  images  of  Pt-71 /Rh-4/Sn02/CB,  Pt-65/Rh- 
10/SnO2/CB  and  Pt-56/Rh-19/Sn02/CB  catalysts.  Fig.  2(a),  (b)  and 
2(c)  clearly  show  the  production  of  nanoparticles  on  CB.  Fig.  2(d) 
shows  a  high  resolution  TEM  image  of  the  Pt-71 /Rh-4/Sn02/CB 
catalyst.  In  this  figure,  three  kinds  of  lattice  fringes  with  interfringe 
distances  of  0.23,  0.22  and  0.33  nm  were  observed.  These  lattice 
fringes  were  in  close  agreement  with  those  of  the  Pt(lll)  plane 


Fig.  2.  TEM  images  of  (a)  Pt-71/Rh-4/Sn02/CB  (b)  Pt-65/Rh-10/SnO2/CB  and  (c)  Pt-56/Rh-19/Sn02/CB.  The  (d)  and  (e)  is  a  high  resolution  TEM  image  of  (a). 
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(0.227  nm),  the  Rh(lll)  plane  (0.220  nm),  and  the  Sn02(110)  plane 
(0.335  nm),  respectively.  The  Pt,  Rh  and  Sn02  nanoparticles  were 
partially  contact  with  each  other  as  shown  in  Fig.  2(d),  and  a  frac¬ 
tion  of  binary  and  single  nanoparticles  were  also  observed  like 

Fig.  2(e). 

Fig.  3  shows  particle  size  distribution  profiles  of  Pt,  Rh  and  Sn02 
particles  for  Pt-71/Rh-4/Sn02/CB,  Pt-65/Rh-10/Sn02/CB  and  Pt-56/ 
Rh-19/Sn02/CB.  Mean  particle  size  and  standard  deviation  of  the  Pt, 
Rh  and  Sn02  nanoparticles  were  summarized  in  Table  2.  The  mean 
particle  size  of  the  Rh  nanoparticles  seems  to  a  little  bit  depended 
on  the  Rh  content,  while  that  of  the  Pt  and  Sn02  nanoparticles  was 
not  influenced  by  catalyst  composition. 

Fig.  4  shows  XRD  patterns  of  Pt-71  /Rh-4/Sn02/CB,  Pt-65/Rh-10/ 
Sn02/CB,  Pt-56/Rh-19/Sn02/CB  and  Sn02/CB  catalysts.  Each  XRD 
pattern  had  diffraction  peaks  at  39.8,  46.2,  67.4,  81.3  and  85.7° 
which  were  assigned  to  Pt(lll),  (200),  (220),  (311)  and  (222), 
respectively.  These  are  characteristic  of  the  face  centered  cubic 
(fee)  structure.  On  the  other  hand,  peaks  at  41.1  and  47.8°  were 


assigned  to  Rh(lll)  and  Rh(200),  respectively.  And,  the  Rh  was 
cubic  structure.  The  lattice  constant  of  Pt  and  Rh  evaluated  with 
the  (111)  peak  was  0.393  and  0.380  nm  irrespective  of  catalyst 
composition,  which  was  in  good  agreement  with  the  lattice  con¬ 
stant  of  Pt  (0.3923  nm)  and  Rh  (0.3803  nm).  On  the  other  hand, 
diffraction  peaks  at  26.6°,  33.9°  and  51.8  °for  Sn02/CB  were 
assigned  to  SnO2(110),  (101),  and  (211),  respectively.  These  sug¬ 
gests  that  Pt  does  not  form  any  alloy  with  Rh  and  Sn  during  the 
preparation  of  each  catalyst.  And  the  diffraction  pattern  of  Sn02 
was  very  small  because  of  small  particle  size  (2  nm).  For  the  Pt-56/ 
Rh-19/Sn02/CB  catalyst,  weak  diffraction  peaks  assigned  to 
SnO2(110)  and  Sn02(211)  were  observed  at  26  =  26.6°,  33.9°  and 
51.8°,  respectively,  because  Sn02  content  was  very  low.  Pt  and  Rh 
have  very  close  diffraction  peak  positions  due  to  their  similar 
crystalline  structure  [27  .  As  a  result  of  measurement  with  narrow 
region  from  26  =  30°-50°,  weak  diffraction  peaks  assigned  to 
Rh(lll)  and  Rh(200)  were  observed  at  26  =  41.1°  and  47.8°, 
respectively. 


Particle  size  /  nm  Particle  size  /  nm  Particle  size  /  nm 


(a)  Pt-7 1  /Rh-4/Sn02/CB 


(b)  Pt-65/Rh-1 0/SnO2/CB 


(c)  Pt-56/Rh-1 9/Sn02/CB 


Fig.  3.  Particle  size  distribution  profiles  of  Pt,  Rh  and  Sn02  particles  for  (a)  Pt-71 /Rh-4/Sn02/CB  (b)  Pt-65/Rh-10/SnO2/CB  and  (c)  Pt-56/Rh-19/Sn02/CB. 
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Table  2 

Mean  particle  size  and  size  distribution  of  Pt/Rh/Sn02/CB  catalysts. 


Catalysts 

dxRo/nm 

diEM/nm 

Pt 

Pt 

Rh 

Sn02 

Pt-71 /Rh-4/Sn02-25/CB 

4.2 

3.8  ±  0.7 

3.2  ±  0.7 

2.6  ±  0.5 

Pt-65/Rh-l  0/Sn02-25/CB 

3.9 

3.7  ±  0.6 

3.6  ±  0.8 

2.7  ±  0.5 

Pt-56/Rh-19/Sn02-25/CB 

3.8 

3.8  ±  0.5 

3.7  ±  0.6 

2.5  ±  0.6 

Pt-75/Sn02/CB 

3.4 

3.1  ±  0.5 

- 

2.5  ±  0.3 

Fig.  5  shows  Pt4f,  Rh3d  and  Sn3d  core  level  spectra  for  the  Pt-71  / 
Rh-4/Sn02/CB,  Pt-65/Rh-10/Sn02/CB  and  Pt-56/Rh-19/Sn02/CB 
catalysts.  A  peak  of  79.2  eV  is  4f5/2  orbit  of  the  Au  which  we  used  as 
a  standard  sample.  The  Pt4f  spectra  exhibited  strong  doublets  at 
71.1  eV  (4f7/2)  and  74.4  eV  (4f5/2)  (Fig.  5(a)),  which  were  assigned  to 
metallic  Pt  (Pt°),  but  there  were  not  any  peaks  assigned  to  Pt  oxides. 
In  contrast,  the  Rh3d  spectra  exhibited  very  weak  doublets  at 
307.2  eV  (3d5/2)  and  311.94  eV  (3d3/2)  (Fig.  5(b)),  which  were 
assigned  to  metallic  Rh  (Rh°).  And  these  peaks  became  unclear  with 
a  decrease  in  Rh  content.  As  for  the  Sn3d  spectra  (Fig.  5(c)),  distinct 
strong  doublets  which  were  assigned  to  the  3d3/2  (495.1  eV)  and 
3d5/2  (486.7  eV)  of  Sn4+  were  observed,  but  there  were  no  doublets 
of  metallic  Sn  (493.2  and  484.8  eV),  suggesting  that  Sn  was  oxidized 
to  Sn02  during  the  preparation  of  each  catalyst.  In  Nls  and  C12p 
core  level  spectra  of  all  catalysts,  there  were  no  peaks,  suggesting 
that  N(Oct)4Cl  as  a  stabilizer  was  completely  removed  during  the 
heat-treatment. 


20  /  degree 


3.2.  Electrochemical  properties  and  EOR  activity  of  Pt/Rh/SnO^CB 
and  Pt/Sn02/CB  electrodes 

Fig.  6  shows  cyclic  voltammograms  of  Nafion-coated  Pt-71 /Rh- 
4/Sn02/CB,  Pt-65/Rh-10/SnO2/CB,  Pt-56/Rh-19/Sn02/CB  and  Pt-75/ 
Sn02/CB  electrodes  in  an  Ar-saturated  0.1  M  FIC104  solution  at 
30  °C.  A  couple  of  redox  peaks  due  to  hydrogen  adsorption  and 
desorption  on  the  Pt  surface  were  observed  in  potentials  less  than 
0.38  V  vs.  RFIE  in  each  CV  28].  The  electrochemically  active  surface 
area  (ECSA)  of  the  Pt  nanoparticles  in  each  catalyst  was  evaluated 
from  the  electric  charge  for  the  hydrogen  desorption  wave, 
supposing  210  pC  cm-2  for  polycrystalline  Pt.  ECSA  was  0.26,  0.22, 
0.24  and  0.24  cm2  for  Pt-71 /Rh-4/Sn02/CB,  Pt-65/Rh-10/SnO2/CB, 
Pt-56/Rh-19/Sn02/CB  and  Pt-75/Sn02  electrodes,  respectively. 

Fig.  7(a)  shows  cyclic  voltammograms  (CVs)  for  the  Pt-71 /Rh-4/ 
Sn02/CB,  Pt-65/Rh-10/SnO2/CB,  Pt-56/Rh-19/Sn02/CB  and  Pt-75/ 
Sn02/CB  electrodes  in  an  Ar-saturated  0.1  M  HCIO4  solution  con¬ 
taining  1  M  ethanol.  In  Fig.  7(b),  current  density  (j)  per  ECSA  of  Pt 
was  used  in  place  of  current.  As  can  be  seen  from  these  figures,  the 
onset  potential  of  oxidation  current  for  the  Pt-75/Sn02/CB  elec¬ 
trode  was  ca.  0.2  V  vs.  RHE  which  was  ca.  0.2  V  less  positive  than 
that  for  the  Pt/CB  electrode  (ca.  0.40  V  vs.  RFIE  [16])  because  Sn02 
synergistically  enhanced  the  EOR  activity  of  Pt  by  the  bifunctional 
mechanism  [15,16,29,30]  in  which  Sn  atoms  adjacent  to  Pt  atoms 
supplied  oxygen-containing  species  for  the  oxidative  removal  of  Pt- 
bound  CO-like  intermediates.  On  the  other  hand,  the  onset  poten¬ 
tial  for  the  Pt-65/Rh-10/Sn02/CB  and  Pt-56/Rh-19/Sn02/CB  elec¬ 
trodes  was  also  ca.  0.2  V  vs.  RFIE  which  was  ca.  0.2  V  less  positive 


Fig.  4.  XRD  patterns  of  (a)  Pt-71 /Rh-4/Sn02/CB,  (b)  Pt-65/Rh-10/SnO2/CB,  (c)  Pt-56/Rh-19/Sn02/CB  and  (d)  Sn02/CB  catalysts. 
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Binding  energy  /  eV 


Binding  energy  /  eV  Binding  energy  /  eV 


(a)  Pt  4f 


(b)  Rh  3d 


(c)  Sn  3d 


Fig.  5.  (a)  Pt4f,  (b)  Rh3d  and  (c)  Sn3d  core  level  spectra  for  Pt-71/Rh-4/Sn02-25/CB,  Pt-65/Rh-10/SnO2-25/CB  and  Pt-56/Rh-19/Sn02-25/CB  catalysts. 


than  that  for  the  Pt/CB  electrode.  In  addition,  as  shown  in  Fig.  7(b), 
the  Pt-65/Rh-10/Sn02/CB  electrodes  showed  highest  EOR  current 
density  in  this  study.  Not  only  the  OER  activity  but  also  the  selec¬ 
tivity  of  C02  production  were  improved  for  the  Pt/Rh/Sn02 
electrodes. 

Fig.  8  shows  CO-stripping  voltammograms  of  Pt-71/Rh-4/Sn02/ 
CB,  Pt-65/Rh-10/SnO2/CB,  Pt-56/Rh-19/Sn02/CB  and  Pt-75/Sn02/CB 
electrodes.  For  the  Pt-75/Sn02/CB  electrode,  the  onset  potential  of 
CO  stripping  was  ca.  0.25  V,  and  the  stripping  peak  was  composed 
of  a  shoulder  at  the  lower  potential  (ca.  0.35  V)  which  was  assigned 
to  CO  oxidation  at  Pt  atoms  adjacent  to  Sn  atoms  and  a  peak  at  the 
higher  potential  (ca.  0.8  V)  which  was  assigned  to  CO  oxidation  at 
isolated  Pt  atoms  [16].  For  the  three  Pt/Rh/Sn02/CB  electrodes,  the 
shoulder  at  the  lower  potential  was  shifted  to  more  positive  po¬ 
tentials,  suggesting  that  Sn02  sites  adjacent  to  Pt  atoms  which 


Fig.  6.  CVs  of  Pt-71/Rh-4/Sn02/CB,  Pt-65/Rh-10/Sn02/CB  and  Pt-56/Rh-19/Sn02/CB,  Pt- 
75/Sn02/CB  electrodes  in  an  Ar-saturated  0.1  M  HC104  solution  at  30  °C.  Sweep  rate: 
20  mV  s-1. 


Fig.  7.  CVs  of  Pt-71/Rh-4/Sn02/CB,  Pt-65/Rh-10/SnO2/CB,  Pt-56/Rh-19/Sn02/CB  and  Pt- 
75/Sn02/CB  electrodes  in  Ar-saturated  (1  M  C2H5OH  +  0.1  M  HC104)  solution  at  30  °C. 
Sweep  rate:  20  mV  s_1. 
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Fig.  8.  CO-stripping  voltammograms  for  the  (a)  Pt-71/Rh-4/Sn02/CB,  (b)  Pt-65/Rh-10/SnO2/CB,  (c)  Pt-56/Rh-19/Sn02/CB  and  (d)  Pt-75/Sn02/CB  catalysts  in  0.1  M  HC104  solution  at 
30  °C.  Sweep  rate:  50  mV  s-1. 


caused  the  bifunctional  effect  were  decreased.  In  contrast,  the  peak 
at  the  higher  potential  was  shifted  to  the  lower  potentials  with  the 
addition  of  Rh.  It  is  known  that  CO  oxidation  at  isolated  Rh  atoms 
occurred  at  a  lower  potential  than  that  at  isolated  Pt  atoms  [4].  So 
the  addition  of  Rh  causes  the  decrease  in  isolated  Pt  atoms  and  Pt 
atoms  adjacent  to  Sn  atoms  or  the  increase  in  Rh  atoms  adjacent  to 
Sn  and  Pt  atoms. 

The  EOR  activity  of  Pt/Rh/CB  is  similar  to  that  of  Pt/CB  [23], 
indicating  that  Pt-Rh  sites  do  not  improve  EOR  activity.  The  EOR 
activity  of  Pt-65/Rh-10/SnO2/CB  electrode  is  higher  than  that  of  Pt / 
Sn02/CB  electrode,  despite  the  fact  that  addition  of  Rh  to  Pt  has  no 
effect  on  the  rate  for  EOR.  Kowal  et  al.  reported  that  Sn02  by 
strongly  adsorbing  water  and  interacting  with  the  Pt  and  Rh 
deposited  on  its  surface,  apparently  precludes  the  Rh  and  Pt  sites 
from  reacting  with  H20  to  form  M-OH  (M  =  Pt,  Rh),  making  them 
available  for  ethanol  oxidation  [4].  Sn02  with  H20  provides  OH 
species  to  oxidize  the  dissociated  CO  at  Rh  sites,  and  Pt  facilitates 


Fig.  9.  Time  courses  of  current  density  at  0.60  V  for  the  Pt-71/Rh-4/Sn02/CB,  Pt-65/Rh- 
10/SnO2/CB,  Pt-56/Rh-19/Sn02/CB,  Pt-75/Sn02CB  and  Pt/CB  electrodes  in  Ar-saturated 
(1  M  C2H5OH  +  0.1  M  HC104)  solution  at  30  °C.  Sweep  rate:  20  mV  s-1. 


ethanol  dehydrogenation  [4].  Thus,  both  Sn02  and  Rh  at  Pt  are 
necessary  for  an  active  electrocatalyst. 

Fig.  9  shows  time  courses  of  standardized  current  density  O’/Jio) 
for  EOR  at  0.6  V  for  Pt-71/Rh-4/Sn02/CB,  Pt-65/Rh-10/SnO2/CB,  Pt- 
56/Rh-19/Sn02/CB,  Pt-75/Sn02/CB  and  Pt/CB  electrodes  in  Ar- 
saturated  (1  M  C2H5OH  +  0.1  M  HCIO4)  solutions  at  30  °C.  The  j/ 
jio  is  defined  as  the  percentage  of  current  density  per  ECSA  of  Pt  at 
0.5, 1  or  3  h  to  that  at  10  min.  The  decrement  of  oxidation  current 
density  for  each  Pt/Rh/Sn02/CB  electrode  was  ca.  2%  h-1  irre¬ 
spective  of  the  Rh  content,  and  it  was  smaller  than  that  for  the  Pt- 
75/Sn02/CB  electrode  (ca.  5%  h-1),  indicating  that  each  Pt/Rh/Sn02/ 
CB  electrode  was  superior  in  durability  to  the  Pt-75/Sn02/CB 
electrode. 

In  potentiostatic  electrolyses  at  0.6  V  for  the  Pt-71/Rh-4/Sn02/ 
CB,  Pt-65/Rh-10/SnO2/CB  or  Pt-56/Rh-19/Sn02/CB  electrode, 
acetic  acid  and  CO2  were  produced,  while  acetaldehyde  was  not 
detected.  Current  efficiency  for  the  production  of  acetic  acid  and 
C02  is  summarized  in  Table  3.  In  all  cases  the  predominant  re¬ 
action  product  was  acetic  acid,  which  was  the  same  as  the  case 
for  the  Pt-75/Sn02/CB  catalyst.  This  suggests  that  there  are  many 
numbers  of  the  Pt-Sn02  site.  Surprisingly,  the  current  density  for 
CO2  production  of  the  Rh-containing  catalysts  was  smaller  than 
that  of  the  Pt-75/SnC>2/CB  catalyst  although  Kowal  et  al.  reported 
that  a  ternary  PtRhSn02/C  catalyst  significantly  improved  the 
CO2  selectivity  [4  .  Main  product  of  EOR  for  the  Pt/Sn02  electrode 
was  acetic  acid  [31].  On  the  other  hand,  at  the  Pt/Rh  electrode, 
the  CO2  was  formed,  while  that  of  acetic  acid  was  suppressed 


Table  3 

Current  efficiency  of  EOR  for  Pt/Rh/Sn02/CB  and  Pt/Sn02/CB  electrodes. 


Catalyst 

Applied 

potential 

Current  efficiency/% 

Acetic  acid 

co2 

Total 

Pt-71/Rh-4/Sn02/CB 

0.6  V 

85 

10 

95 

Pt-65/Rh-10/Sn02/CB 

0.6  V 

90 

10 

100 

Pt-56/Rh-19/Sn02/CB 

0.6  V 

80 

10 

90 

Pt-75/Sn02/CB 

0.6  V 

69 

27 

96 
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[31].  This  indicates  there  is  appropriate  arrangement  of  Pt,  Rh 
and  Sn02  atoms  for  CO2  production.  The  understanding  of  the 
role  of  the  Pt,  Rh  and  Sn02  components  and  their  appropriate 
arrangement  must  be  the  key  to  the  complete  oxidation  of 
ethanol  to  CO2.  Further  studies  are  now  in  progress  to  investigate 
this  idea. 

4.  Conclusions 

In  this  study,  we  prepared  Pt/Rh/Sn02  electrocatalysts  by  the 
modified  Bonnemann  method.  In  addition,  EOR  activity  and  dura¬ 
bility  for  the  Pt/Rh/Sn02/CB  catalysts  were  evaluated.  The  obtained 
results  are  summarized  as  follows. 

(1)  Pt4f  and  Sn3d  core  level  spectra  of  three  Pt/Rh/Sn02/CB 
catalysts  showed  that  Pt°,  Rh°  and  Sn4+  were  observed, 
suggesting  that  Pt  and  Rh  components  were  metallic  and  Sn 
component  was  oxidized  to  Sn02. 

(2)  TEM  images  and  XRD  patterns  of  three  Pt/Rh/SnC^/CB  cata¬ 
lysts  showed  that  each  ternary  catalyst  was  composed  of  Pt, 
Rh  and/or  Sn02  nanoparticles. 

(3)  The  onset  potential  of  oxidation  current  for  the  Pt-65/Rh-10/ 
SnCh/CB  and  Pt-56/Rh-19/Sn02/CB  electrodes  was  ca.  0.2  V 
vs.  RHE  which  was  ca.  0.2  V  less  positive  than  that  for  the  Pt/ 
CB  electrode. 

(4)  From  CO  stripping  voltammograms,  the  shoulder  at  the 
lower  potential  for  the  three  Pt/Rh/Sn02/CB  electrodes  was 
shifted  to  more  positive  potentials,  suggesting  that  Sn02  sites 
adjacent  to  Pt  atoms  which  caused  the  bifunctional  effect 
were  decreased. 

(5)  The  oxidation  current  density  at  0.6  V  for  the  each  Pt/Rh / 
Sn02/CB  electrode  (ca.  2%  h-1)  decayed  more  slowly  than 
that  at  the  Pt-75/Sn02/CB  electrode  (ca.  5%  h-1). 

(6)  The  main  product  of  EOR  at  0.6  V  for  three  Pt/Rh/Sn02/CB 
electrodes  was  acetic  acid. 
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